This paper presents a new type of damping material composed of flexible porous material such as polyurethane foam and liquid such as water. This new type of damping material costs less than viscoelastic materials such as Sorbothane, and is anticipated to have a better damping effect. At the same time, installation of the new type of damping material is as easy as that of usual viscoelastic materials. The damping effect of this material on the vibration of a cantilever iron plate is experimentally compared with the one of a viscoelastic material. The damping effect on a rail piece with a length of 1.2m and a weight of 72kg is also experimentally investigated. The experimental results show a good damping effect. The design variables of this new damping material such as the liquid viscosity and the hardness of the porous material are thought to influence the damping effect, consequently are investigated by carrying out vibration testing of a cantilever iron plate (material:SS400, size:300 × 440 × 5mm, weight:5.2kg).
Introduction
Vibration reduction plays a major role in various applications. It allows for example enhanced precision in medical instruments, faster and more compact disk and hard drives, more accurate images in ground-and space-based telescopes, safer buildings in the event of an earthquake, and lower stresses in products, leading to longer life and weight reduction (1) .
There are three types of vibration reduction: passive, semi-active and active control methods. Active control systems provide good damping performance, but the need for actuators and sensors leads to higher costs. Furthermore, active control systems rely on external power to operate the actuators and supply the control forces. This requirement for external power means the system has possibility to grow unstable (2) , (3) . For these reliability and cost reasons, passive control is usually preferred for sound and vibration reduction. General passive control utilizes viscoelastic materials or dynamic vibration absorber to reduce vibration. Viscoelastic materials for vibration reduction are elastomeric materials whose long-chain molecules allow them to convert mechanical energy into heat when deformed. Therefore, the damping effect of viscoelastic material depends on the area of attachment. Besides, the temperature has also an important effect on damping in typical applications (4) .
Dynamic vibration absorbers are effective at narrow frequency ranges and need to be tuned in order to provide damping for a particular frequency range (5) .
This paper suggests a new type of damping material (referred as new damping material from now on) with lower costs and that is anticipated to have an improved damping effect in a wider frequency ranges. The new damping material is composed of a flexible porous material such as polyurethane foam and a liquid such as water as shown in Fig.1 . Therefore, it is simple to make new damping material with different properties by composing porous materials and liquids.
To clarify the damping effect of the new damping material, it is compared to a viscoelastic material, Sorbothane, in a fundamental vibration testing. The damping effect of the new damping material is also investigated by attaching new damping material on a rail piece, structure with heavy mass and high stiffness.
The relation between the damping effect and the design parameters of the new damping material is investigated through a vibration testing. Ways of improving the damping performance of the new damping material are then studied based on the experimental results. 
Damping effect of proposed damping material

Effect of damping material on plate
To verify the damping effect of the new damping material, experiment is conducted by measuring the impulse response of a cantilever plate (material:SS400, size:300 × 440 × 5mm, weight:5.2kg) when attaching the new damping material. Experiments are conducted using FFT (Fast Fourier transform) analyzer, impulse hammer and accelerometer. The experiment consists of exciting the cantilever plate using impulse hammer and measuring the response using an accelerometer on right upside of the plate. In this paper, the measurement and the vibration points have been chosen so that there is no node in the 1st to 7th mode of the plate. The time domain response (unit impulse response) is computed by inverse FFT after obtaining the frequency response function (FRF) using FFT analyzer (6) . The experiment equipment is shown in Fig.2 . The damping effect of the new damping material is compared to the Sorbothane a viscoelastic material. The size and weight of the new damping material are 54 × 75 × 20mm and 80g, and is 272 × 275 × 3mm and 314g for the Sorbothane. The thickness of 3mm for the Sorbothane has been chosen to give the best damping effect. Two damping materials are attached on left upside of plate. First, the experiment is conducted with the new damping material (80g) attached to left upside of the plate, then the experiment is repeated by replacing the new damping material with Sorbothane. Figure.3 shows the experiment results, (a) and (b) corresponding respectively to the FRF (accelerance) and unit impulse response. The new damping material has better damping effect than Sorbothane despite that the Sorbothane is 4 times heavier and that the attachment area is 18 times larger. 
Effect of damping material on rail piece
In the previous, it was shown benefit of using the new damping material for vibration reduction (compared to usual viscoelastic material) in the case of plate. However, the damping effect on heavy and high stiffness structures need to be considered. Therefore, vibration testing is conducted for a rail piece with heavy mass and high stiffness with the new damping material. The rail piece used in the experiment is 60kg/m rail piece based on Japanese Industrial Standard. The length and mass of a rail piece are 1.2m and 72kg, and 40 × 40 × 1200mm and 1.5kg for the new damping material. Two pieces of the new damping material are used in this experiment. The new damping material is composed of urethane foam (hardness:210N) and water. And, the new damping materials with polyethylene film cover are attached to the rail piece by double-sided tape, though the new damping material could also be attached using magnet sheet. We investigated the relation between the damping effect and attachment method using both double-sided tape and magnet sheet. The results were almost identical, proving that the effect of the attachment were negligible.
In the experiment, the rail piece is excited using an impulse hammer on the left edge and is measured acceleration using accelerometer on the right edge of the rail piece as shown in Fig.4 .
Experimental result is shown in Fig.5 , (a) and (b) corresponding respectively to the FRF (accelerance) and unit impulse response. It indicates the new damping material has a good damping effect although mass of new damping material is only 4.2% of the rail piece. This result is promising for the new damping material to have a good damping effect for heavy mass and high stiffness structures. 
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The influence of design variables for the damping effect
The new damping material has many design parameters such as liquid viscosity, hardness of the porous material, etc. This section investigates the relation between damping effect and design parameters of new damping material by vibration experiment. For example, to investigate the relation between damping effect and liquid viscosity, experiment is conducted by attaching on the plate the new damping materials composed of the same porous material and liquid with different viscosity. From this experiment, ways of improving damping performance of the new damping material are studied. The vibration experiment is represented in Fig. 2 . This paper considers the 1st to 5th mode of plate. 1st, 3rd, 4th modes correspond to bending and 2nd, 5th modes to torsion. Natural frequencies of the plate are listed in Table. 1. 
Mass effect
From section 2, the new damping material is proved having good damping effect. Nevertheless, we need to further investigate if the damping effect is caused by the properties of the new damping material or mass of the new damping material. Experiment is conducted to compare the damping effect of the new damping material and a material with the same weight. First, the experiment is conducted with the new damping material (90g) attached to left upside of the plate. Then the experiment is repeated by replacing the new damping material by aluminum with different mass : 80, 90, and 200g. Aluminum was chosen for its similar density to the new damping material.
From Fig.6 , it can be seen first that the amplitude for the 90g aluminum mass is higher than the 90g new damping material, and consequently that the good damping effect of the new
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Vol. 6, No.1, 2012 damping material is not purely mass effect. Furthermore, it should be noted that the damping effect of the new damping material is still better than with 200g aluminum mass, pointing out a good damping/mass ratio. Finally, depending on the mode number the amplitude of the plate differs, but the higher the plate amplitude is the better the damping effect. 
Effect of the attachment location on the damping
To verify the relation between damping effect and accelerance of the plate, experiment is conducted with the new damping material attached at different location of the plate as shown in Fig.7(a) . The three attachment locations have been decided by considering the amplitude of the plate accelerance. The accelerance amplitude order of the plate from larger to smaller is right upside, right middle, right bottom.
From the experimental result in Fig.7(b) , it is observed that there is a relation between damping effect and accelerance of the attachment location. The damping effect is higher when the new damping material is located at the position which the accelerance is larger. Therefore, to obtain a better damping effect with the new damping material, attachment location should be selected where the accelerance of target object is the largest. 
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Effect of the porous material hardness on the damping
This section investigates the relation between damping effect and porous material composing the new damping material. The experiment uses three kinds of new damping material composed of water and polyurethane foam of hardness 60N, 120N and 210N (JIS K6400-2 6.7 D method). The new damping materials are attached on the right upside part of the plate (Fig. 7(a) ).
Using the frequency-mode relation of Table. 1, the Fig.8 shows that the new damping material damping behavior depends on the resonant modes and frequencies. In particular, the new damping material composed of 60N polyurethane foam has better damping effect in the lower modes corresponding to low frequency ranges and 210N polyurethane foam has better damping effect in the higher modes corresponding to high frequency ranges. As a result, to obtain better damping effect, porous material needs to be chosen by considering resonant modes and frequencies of target object. 
Effect of liquid viscosity on the damping
To investigate the relation between damping effect and liquid viscosity, experiments are carried out for the new damping material composed with liquid of different viscosity. The experiment uses three kinds of liquid : water, liquid dissolving acetone (50%) in water (50%) with lower viscosity than water and cooking oil with higher viscosity. And the new damping materials is attached on the right upside part of the plate (Fig. 7(a) ).
The correlation between damping effect and liquid viscosity composing the new damping material appears to be small for 1st, 3rd, 4th modes because there is almost no difference of damping effect for 1st, 3rd, 4th modes as shown in Fig.9 . Three plotting marks for 1st, 3rd and 4th modes are very close, and those for 2nd and 5th modes are distantly as shown in Fig.9 . But, for the 2nd and 5th modes new damping material composed of lower liquid viscosity has better damping effect than the new damping material higher liquid viscosity. Therefore, the liquid composing the new damping material needs to be chosen by considering viscosity for reducing torsional mode vibration. However, the choice of liquid needs also to take into account that most liquids with lower viscosity liquid than water can evaporate easily or be harmful to human body (7) .
Conclusion
This paper suggests a new type of damping material composed of flexible porous material containing a liquid. Vibration experiments were conducted to (i) estimate the damping effect and the design parameters influence (ii) obtain performance improvement insights.
( 1 ) The new damping material showed a better damping effect than usual viscoelastic damping material.
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Vol. 6, No.1, 2012 Fig. 9 Effect of liquid viscosity on damping ( 2 ) The damping effect of the new damping material is higher for high amplitude of the target object.
( 3 ) The new damping material is anticipated to apply to various mechanical structures, based on the good damping effect results on the heavy mass and high stiffness rail piece.
( 4 ) The relation between the damping effect and the design parameters of the new damping material is investigated, and ways of improving the damping performance of the new damping material are then studied based on the experimental results.
Future work
In this paper, experimental investigations on the new damping material were conducted, nevertheless a model for the behavior of this material shall be considered to optimize the choice of the design parameters more precisely. Such a model is currently under development and should allow the new damping material to be put to practical use.
